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SELECTING AND UTILIZING POPULUS AND SALIX
FOR LANDFILL COVERS: IMPLICATIONS FOR
LEACHATE IRRIGATION

Ronald S. Zalesny Jr. and Edmund O. Bauer
USDA Forest Service, Northern Research Station, Institute for Applied Ecosystem
Studies, Rhinelander, Wisconsin, USA

The success of using Populus and Salix for phytoremediation has prompted further use of
leachate as a combination of irrigation and fertilization for the trees. A common protocol
for such efforts has been to utilize a limited number of readily-available genotypes with
decades of deployment in other applications, such as fiber or windbreaks. However, it may be
possible to increase phytoremediation success with proper genotypic screening and selection,
followed by the field establishment of clones that exhibited favorable potential for clean-
up of specific contaminants. There is an overwhelming need for testing and subsequent
deployment of diverse Populus and Salix genotypes, given current availability of clonal
material and the inherent genetic variation among and within these genera. Therefore, we
detail phyto-recurrent selection, a method that consists of revising and combining crop and
tree improvement protocols to meet the objective of utilizing superior Populus and Salix
clones for remediation applications.

Although such information is lacking for environmental clean-up technologies, centuries of
plant selection success in agronomy, horticulture, and forestry validate the need for similar
approaches in phytoremediation. We bridge the gap between these disciplines by describing
project development, clone selection, tree establishment, and evaluation of success metrics
in the context of their importance to utilizing trees for phytoremediation.

KEY WORDS: phyto-recurrent selection, phytoremediation, poplar, willow, short rotation
woody crops

INTRODUCTION

Leachate disposal for traditional landfill systems includes capping the landfill at the
completion of filling, collecting the leachate, and transporting the leachate to treatment
facilities. In contrast, establishing landfill covers with trees and/or grasses supports onsite
leachate remediation, whereby the leachate is used as fertigation for the plants (Erdman
and Christenson, 2000; Wong and Leung, 1989). There are economical and environmental
benefits to using short-rotation woody crops for landfill covers and similarly-contaminated
sites (Glass, 1999; Isebrands and Karnosky, 2001). Trees belonging to the genera Populus

Address correspondence to Ronald S. Zalesny Jr., USDA Forest Service, Northern Research Station, Institute
for Applied Ecosystem Studies, 5985 Highway K Rhinelander, WI 54501, USA. E-mail: rzalesny@fs.fed.us
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Table 1 Studies testing Populus and Salix for phytoremediation of various contaminants

Landfill Leachate
Boye, 2002; Erdman and Christenson, 2000; Zalesny and Bauer, 2007; Zalesny et al., 2007a
Zalesny et al., 2006

Heavy Metals
Bañuelos et al., 1999; Boye, 2002; Eriksson and Ledin, 1999; Greger and Landberg, 1999, 2001;
Klang-Westin and Eriksson, 2003; Landberg and Greger, 1994, 1996; Luyssaert, Van Meirvenne, and Lust,
2001; Punshon and Dickinson, 1997; Sander and Ericsson, 1998; Schnoor, 2000

Municipal Wastes/Dairy-Farm Effluent
Hasselgren, 1998; Perttu, 1993; Perttu and Kowalik, 1997; Roygard et al., 2001

Sludges
Campbell, Zhang, and Tripepi, 1995; Labrecque, Teodorescu, and Daigle, 1998; Moffat, Armstrong, and
Ockleston, 2001

Fertilizers/Pesticides/Nitrates
Burken and Schnoor, 1996, 1997, 1998; Gatliff, 1994; O’Neill and Gordon, 1994

Explosives
Sealock, 2002; Thompson, Ramer, and Schnoor, 1998b; Thompson et al., 1998a

Solvents
Aitchison et al., 2000; Burken, 2001; Chappell, 1997; Dietz and Schnoor, 2001; Gordon et al., 1998;
Landmeyer, 2001; Lee et al., 2000; Newman et al., 1999, 1997

Petroleum Hydrocarbons/Radionuclides
Gommers et al., 2000; Landmeyer, 2001; Zalesny et al., 2005b

(poplars) and Salix (willows) exhibit fast growth (Dickmann and Stuart, 1983), elevated
water usage (Hall et al., 1998; Vose et al., 2000), and extensive root systems (McLinn,
Vondracek, and Aitchison, 2001). These traits are favorable for phytoremediation due to
the need for quick plot establishment, hydraulic control, and filtering capabilities to reduce
subsurface movement of the contaminants (Ferro et al., 2001; Perttu and Kowalik, 1997).
Landfill leachate contains organics and inorganics in need of remediation. Therefore, due
to the increasing number of closed municipal landfills throughout North America, there
is a growing need for cost-effective systems for on site leachate treatment (Zalesny et al.,
2007a). Pure species and hybrids (intra- and inter-specific) of Populus and Salix have been
used to remediate a variety of ground contaminants (Table 1), of which many have been
found in landfill leachate.

Boye (2002) irrigated Salix viminalis L. ‘78183’ (osier willow) with landfill leachate
and reported significant concentrations of copper, lead, and zinc in the shoots and roots.
Erdman and Christenson (2000) tested the concentration of numerous elements found
in the leaves of Populus deltoides Bartr. ex Marsh (eastern cottonwood) grown in soils
contaminated with landfill leachate. Elevated levels of boron in the leaves indicated areas
of soil contamination, while concentrations of elements such as zinc and sodium also
were substantial in the tissues. Zalesny et al. (2006) irrigated a Populus F1 hybrid between
P. nigra L. (European black poplar) and P. maximowiczii A. Henry (Japanese poplar) ‘NM6’
with landfill leachate and reported a mean sapflow of 136 kg water tree−1 d−1 for 4-yr-old
trees.

The success of such systems has prompted further use of leachate as a combination
of irrigation and fertilization for the trees (Erdman and Christenson, 2000). A common
protocol for such efforts has been to utilize a limited number of readily-available genotypes
with decades of deployment in other applications, such as fiber or windbreaks. However, it
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may be possible to increase phytoremediation success with proper genotypic screening and
selection, followed by the field establishment of clones that exhibited favorable potential
for clean-up of specific contaminants (Zalesny et al., 2007a). We assert that there is an
overwhelming need for testing and subsequent deployment of a variety of Populus and Salix
genotypes, given current availability of clonal material (i.e., >100,000 Populus offspring
have been produced in the North Central United States in the last 50 years, and several
hundred of those have made it to the clonal level of testing) (R.B. Hall, Iowa State University,
personal communication) and the inherent genetic variation among and within these genera
(Aravanopoulos, Kim, and Zsuffa, 1999; Rajora and Zsuffa, 1990).

This review consists of revising and combining common crop- and tree-improvement
protocols to meet the objective of utilizing superior Populus and Salix clones for landfill
covers. Such information is lacking for environmental clean-up technologies. However,
centuries of plant-selection success in agronomy, horticulture, and forestry validate the need
for similar approaches in phytoremediation. We have attempted to bridge the gap between
these disciplines by describing project development, clone selection, tree establishment,
and evaluation of success metrics in the context of their importance to utilizing trees for
landfill covers, with emphasis on using leachate for irrigation.

PROJECT DEVELOPMENT

Identify Objectives, Biological Processes of Remediation, and Plant

Traits of Interest

The first component of all phytoremediation systems is to identify the overall
objectives of the project. Objectives vary with site characteristics, contaminant properties,
and choice of plant species. In addition, it is important to identify the biological processes
necessary for successful phytoremediation (Cunningham and Ow, 1996; Schnoor et al.,
1995), because those processes dictate the plant traits that should be evaluated. Parallel
consideration of the processes and traits will help researchers and resource managers
develop sound, realistic management objectives. Overall, given a lack of infinite resources,
it is important to match the project objective to easily-measurable traits of interest that
contribute to meaningful interpretations of phytoremediation success. Below we have
provided a detailed summary of allometric, physiological, and anatomical traits that
contribute to such success.

Two components of all systems assessing the uptake of organics and inorganics are
whether the trees: 1) accumulate the contaminant at dangerous levels for tree survival and/or
at concentrations that are toxic to fauna and 2) clean up the soil effectively (S.A. Rock,
US EPA, personal communication). For example, phytoextraction is needed to extract and
capture heavy metals (Angle and Linacre, 2005; Landberg and Greger, 1996). In contrast,
root exudates contribute to rhizodegradation, the breakdown of organics in the rhizosphere
(Burken and Schnoor, 1996; Jordahl et al., 1997).

Phytostabilization occurs when contaminants are confined in the rhizosphere
(Anderson, Guthrie, and Walton, 1993; Schnoor, 2000). Metabolic processes within the
tree contribute to the degradation of organics in tree tissues, known as phytodegradation
(Burken and Schnoor, 1997; Newman et al., 1997). A process involved in the breakdown of
inorganics and organics includes phytovolatilization, whereby the contaminant is extracted
from the medium, metabolized, and transpired into the atmosphere (Newman et al., 1997;
Thompson, Ramer, and Schnoor, 1998b).
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CLONE SELECTION

Identify and Select Favorable Clones from Phyto-recurrent Selection

Cycles

A complete cycle of recurrent selection in plant breeding involves intermating
individuals to develop progenies, evaluating the progenies for traits of interest, selecting
favorable genotypes, and intermating the favorable genotypes (Figure 1). The primary
objectives of recurrent selection are to: 1) increase the frequency of favorable alleles and,
therefore, improve the mean of the new population and 2) retain the genetic variation of
the original population as new progeny are developed (Hallauer and Miranda, 1988). Given
that genetic gain is proportional to variation, breeders of Populus and Salix are fortunate
because these genera exhibit extensive genetic variation relative to most other plant species
(Eckenwalder, 1996). Heterosis, i.e., hybrid vigor, is common in F1 hybrids of Populus and
Salix (Heilman, Ekuan, and Fogle, 1994), whereby the offspring are superior to either or
both of the parents for the traits of interest. Selection within pure species or hybrids of
Populus and Salix has the potential for increasing the success of using these genera for
landfill covers.

Similar to traditional recurrent selection, a complete cycle of phyto-recurrent selection
using Populus and Salix, or any other vegetatively-propagated plant species with phytoreme-
diation potential, involves selecting clones to be tested; evaluating the clones when irrigated
with leachate; selecting favorable clones based on allometric, physiological, and anatomical
traits of interest (see below); and evaluating the favorable clones (Figure 1). The primary
objectives of phyto-recurrent selection are to choose clones for field deployment that have:
1) improved phytoremediation potential and 2) adequate genetic variation to guard against
insect/disease outbreaks, unforeseen soil conditions (e.g., drought/flood), and unfavorable
genotype × environment interactions. To accomplish these objectives, it is important for
researchers or resource managers to initially select clones that are either adapted to or
have been successfully grown in local environments. Populus and Salix clones we have
tested for phytoremediation purposes are listed in Table 2. Ideally, it is helpful to assess
additional traits of interest during each cycle, with precision and complexity increasing
as the number of clones tested decreases. Thus, these methods offer an opportunity for
researchers to collect greater levels of information prior to field deployment. Likewise,
the researcher or resource manager must balance precision with scope of inference, so
that interpretations are meaningful yet can be applied to more than a limited number of
experimental groups. Multiplicative, weighted-summation, and rank-summation selection
indices that are efficient and easy to develop should be used to evaluate metrics during each
cycle.

Zalesny et al. (2007a) reported successful use of phyto-recurrent selection when
testing Populus genotypes representing five genomic groups. After irrigating with landfill
leachate for three ex situ phyto-recurrent selection cycles lasting a total of 6 mo, eight
superior Populus clones were selected from 25 original genotypes for the fourth cycle, a
completed in situ study that was conducted for two growing seasons at the Oneida County
Landfill in Rhinelander, WI, USA (45.6 ◦N, 89.4 ◦W). The long-term objectives of this
system were to: 1) select superior clones that can be established on a larger scale and 2)
continually irrigate the selected genotypes with leachate from the landfill, as a means of
on-site treatment (J.A. Zalesny, Iowa State University, personal communication).
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Figure 1 Comparison of recurrent selection used in plant breeding with phyto-recurrent selection used in
phytoremediation. The overall goal of both methods is to select superior genotypes based on specific project
objectives.

Once favorable clones are selected for deployment, establishment in the field is
similar to that of agronomic crops. Proper intensive management includes consideration
of: site requirements, cutting collection, site preparation, planting, and site maintenance.
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Table 2 Genomic groups and clones of Populus and Salix tested by the authors for various phytoremediation
needs

Genomic group Cutting type Clone

Populus
(P. trichocarpa × P. deltoides)

× P. deltoides
Unrooted NC13377, NC13451, NC13460, NC13466, NC13475,

NC13548, NC13552, NC13570, NC13608 NC13624,
NC13649, NC13652, NC13661, NC13668, NC13670,
NC13672, NC13680, NC13807, NC13850, NC13857,
NC13863, NC13992, NC13999, NC14002, NC14018

P. deltoides × P. deltoides (F1 hybrid)
”

Rooted 80X00601, 80X01107, ISU25-4, ISU25-12, ISU25-21,
ISU25-35, ISU25-R2, ISU25-R4, ISU25-R5 80X00601Unrooted

P. deltoides × P. deltoides (F2 hybrid) Unrooted 119.16
P. deltoides × P. maximowiczii Rooted Belgian25
” Unrooted 313.23, 313.55, DM101, DM109, DM113, DM114,

DM115, DM121, NC14104, NC14105, NC14106,
NC14107

P. nigra × P. maximowiczii Rooted NM2
” Unrooted NM2, NM6
P. deltoides × P. nigra Rooted Eugenei (a.k.a. ‘DN34’), I45-51
” Unrooted DN5, DN17, DN34 (a.k.a. ‘Eugenei’), DN182, I45-51
P. deltoides Rooted 252-4, 42-7
” Unrooted 7300501, 8000105, 91.05.02, D121, D123, D124, D125
Salix
S. purpurea Unrooted 94003, 94012, FC185, FC189, FC190, PUR12
S. eriocephala Unrooted S25, S287
S. eriocephala 28 × S. eriocephala 24 Unrooted S566
S. interior × S. eriocephala Unrooted S301
S. discolor Unrooted S365
S. × dasyclados Unrooted SV1
S. sachalinensis Unrooted SX61
S. miyabeana Unrooted SX67

Note: Authorities for the aforementioned species of Populus and Salix are as follows: P. deltoides Bartr. ex
Marsh; P. trichocarpa Torr. & Gray; P. nigra L., P. maximowiczii A. Henry; S. purpurea L.; S. eriocephala Michx.;
S. interior Rowlee.; S. discolor Mühl.; S. sachalinensis F. Schmidt; S. miyabeana Seemen.

TREE ESTABLISHMENT IN THE FIELD

Site Requirements

Soil depth, fertility, pH, and moisture/aeration must be considered when using Populus
and Salix for phytoremediation of landfills and similarly-contaminated sites (Baker and
Broadfoot, 1979; Schreiner, 1959). Populus genotypes grow best on deep, medium-textured
soils where root penetration to a depth of at least 1 m is not interrupted by bedrock, the
water table, hardpans, or gravel layers. The soils should be augmented with appropriate
fertilizers, some of which may come from the leachate irrigation. Optimum pH is 5.0 to 7.5,
with liming necessary on acid soils. Populus genotypes grow well on up- and bottom-land
sites, provided the soils are well-drained. Salix requirements are similar to those of Populus.
Salix genotypes require 0.5 m or greater soil depth, medium-textured loamy soils, pH
ranging from 5.5 to 8.0, and imperfectly-drained to well-drained soils (Abrahamson
et al., 2002). Populus and Salix can withstand short-term flooding (Zalesny et al.,
2005b).
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Cutting Collection

Populus and Salix propagules are either dormant, unrooted hardwood cuttings
typically ranging in size from 15 to 45 cm in length and 1 to 2 cm in diameter (Abrahamson
et al., 2002; Stanturf et al., 2001), rooted stock with four to seven major lateral roots and
varying lengths of residual stems, or rooted cuttings reared in a greenhouse or growth
chamber. Either type of rooted cuttings is preferred for genomic groups that have exhibited
erratic rooting, such as P. deltoides. Populus whips up to about 3 m in length also have
been used for phytoremediation systems, where there was a need to plant deep so that the
tree roots intercept a soluble subsurface plume, to achieve greater biomass more rapidly, or
to gain height quickly in periodically-flooded areas (Licht and Isebrands, 2005; Zalesny et
al., 2005b).

Cuttings are harvested from 1-yr-old shoots on stool beds grown in cutting orchards.
A stool is a stump from which new shoots emerge. Each year the stool shoots are cut back
to a height of 5 to 15 cm to allow the remaining buds to form new sprouts. Generally,
cuttings are harvested between late December and mid March. However, Populus genomic
influence is time-dependent for the collection of cuttings, with root development and
tree growth being dependent upon date of shoot collection, given physiological responses
associated with dormancy induction (Zalesny and Wiese, 2006). The health of the cutting
material is critical to proper tree development. Cuttings must be disease-free, of the proper
dimensions, and have well-developed vegetative buds. After collection, cuttings should be
sealed and stored in plastic bags at approximately 5 ◦C. Premature shoot development prior
to planting decreases survival in the field; therefore, such cuttings should not be planted
(Abrahamson et al., 2002). Some clones, particularly those of pure P. deltoides parentage,
may not root fast enough to work well with the field planting of unrooted cuttings. For
those clones, propagating rooted cuttings in a greenhouse, growth chamber, or nursery can
be used to produce much more reliable planting stock. Such stock needs to be hardened off
prior to planting on the remediation site by reducing day length, temperature, and moisture
availability at the end of the production cycle.

Site Preparation

Proper site preparation is essential for the successful establishment of Populus and
Salix, regardless of the system objectives. Inadequate site preparation drastically reduces
survival and growth of these genera (Abrahamson et al., 2002; Stanturf et al., 2001).
Therefore, it is important to have the commitment and resources in place for providing
intensive culture techniques in growing the trees until canopy closure, which generally is 3
to 4 yr for Populus and 2 to 3 yr for Salix, depending on spacing (Bauer, 1996; Abrahamson
et al., 2002; Stanturf et al., 2001). Care of Populus and Salix is similar to that of many
agronomic crops, where mechanical treatment, chemical treatment, or a combination of
both is used to remove most or all of the competing vegetation (Wiese et al., 2006).
Stanturf et al. (2001) and Abrahamson et al. (2002) provided information about specific
chemicals for Populus and Salix, respectively.

A general site preparation timeline for Populus and Salix follows. In the year before
planting (year 0), mow the existing vegetation during July, apply a combination of chemicals
such as glyphosate and 2–4D to kill regrowth of grasses and weeds during August, and
plow or deep-till with a rotary tiller to a depth of 25 cm followed by cross-disking during
September. Plant a cover crop such as winter rye on sites with erosion problems during
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September or October (Abrahamson et al., 2002). Repeated applications of glyphosate
may be necessary on sites with heavy grass competition. Chemical application on adjacent
riparian areas should be treated with the aquatic-labeled glyphosate. Prior to planting
(year 1), the site should be deep-tilled using a chisel plow or rotary tiller to ensure a deep,
loose, and aerated soil. If the site had a cover crop of winter rye or regrowth of grasses,
then it may be necessary to apply glyphosate prior to tilling.

For sites greater than 5 ha, mechanical preparation using a large tractor and chisel plow
followed by disking (larger equipment to reduce time and expense) will yield a deep, loose
soil that is ideal for root development. For sites less than 5 ha, a small tractor with a rotary
tiller will provide deep tillage that provides a loose, aerated soil. In addition, for areas such as
the North Central United States where white-tailed deer (Odocoileus virginianus Douglas)
are a problem, we recommend the installation of deer fencing to prevent damage or mortality
of the trees. A woven-wire fence, 2.4 m in height, is recommended for long-term fencing.
Less expensive fencing can be installed using extruded plastic fabric that is lightweight,
durable, almost invisible, and convenient to install for short-term use. Electric fencing is
another alternative. Depending on the site, protection of the stems from girdling by small
mammals also may be necessary.

Planting

Planting designs require careful consideration of a number of factors, including but
not limited to: erosion prevention (i.e., plant parallel to the contour of the land), tree spacing
to provide optimum water uptake, and closer spacing for faster canopy closure. Eventually,
closer spacing will lead to crowding and reduced growth, which can be prevented with a
tree-removal plan according to the prescribed tree spacing listed below.

Populus genotypes should be planted when nighttime soil temperatures at a depth
of 20 to 25 cm are at least 14 ◦C for four consecutive days (Zalesny et al., 2005c). Salix
genotypes grow best with warm temperatures and moist soils (Abrahamson et al., 2002).
Prior to planting, cuttings should be soaked upright (buds pointing upward) in water to 2/3
of the cutting height for about 3 d, or until root nodule formation is noticeable. Soaked
cuttings should be stored in a cool, shady location and kept moist during planting.

Tree spacing for Populus and Salix depends upon site and cutting availability, along
with consideration of the feasibility for proper vegetation management. Also, remediation
objectives dictate spacing. However, in general, tree spacing for Populus varies from 2.1 ×
3.0 m to 4.0 × 4.0 m, depending on the species and desired product (Stanturf et al., 2001).
Spacing for biomass production with Salix is a double-row system with 1.5 m between
double-rows, 0.78 m between rows, and 0.6 m between plants within rows (Abrahamson
et al., 2002). For most phytoremediation plantings, we recommend 2.4 m between rows
to allow for mechanical vegetation control using a small tractor with a tiller or disk.
A pre-emergent herbicide such as oxyfluoren should be applied immediately following
planting (when all vegetative buds are dormant), which will provide weed control for most
of the first year.

Different planting devices must be used to accommodate varying cutting lengths.
The smaller, unrooted cuttings require quick planting using a device called a dibble bar
(straight rod, 2 cm in diameter, with a T handle) to punch a 20- to 25-cm hole, or a tree
planter on a tractor if the site is fairly level. For rooted cuttings or extra long material
(i.e., 1.2 to 3.0-m whips), individual drilling to the desired depth using a power auger is
necessary. Such deep-planted whips require special treatment such as warm air tubes to the
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full length of belowground material to induce rooting (Licht and Isebrands, 2005). Overall,
the researcher or resource manager must balance the costs associated with cutting material,
along with handling and planting costs, with expected survival rates, based on the desired
stocking rate (Zalesny et al., 2005b).

Site Maintenance

It is important to keep the area between and within rows free of weed competition.
Thus, chemical treatment, mechanical treatment, or some combination is necessary
(see above). Salix genotypes are sensitive to post-emergent herbicides; therefore, either
mechanical control or shielding of the trees is necessary for contact herbicide application
if the pre-emergence herbicide cap fails (Abrahamson et al., 2002). Tilling within and
across rows with a rotary tiller is effective if the trees are planted at 2.4- × 2.4-m spacing,
assuming the contour of the site allows use of a tractor. If dry conditions persist following
planting, it will be necessary to provide supplemental water and/or leachate for several
growing seasons or until the roots grow to a depth where they can capture ground water.
We recommend installation of an irrigation system to supply supplemental water and
leachate.

Also, it is important to monitor disease and insect damage to the trees, especially
when such impacts may cause greater than 25% growth reduction (Coyle et al., 2006). For
example, heavy infestations of insects [e.g., morning cloak butterfly, Nymphalis antiopa
L. (Lepidoptera: Nymphalidae)] can defoliate entire trees in a short time. Primary insect
and pathogen parameters include but are not limited to insect pests, leaf diseases, and stem
diseases (Mattson et al., 2001; Ostry et al., 1988).

Additional types of monitoring are weather stations using inexpensive dataloggers
for ambient and soil temperatures (Zalesny et al., 2007b); rain gauges; tensiometers (soil
moisture measurement); and occasional surveys of the planting to check for insects,
diseases, and plant health.

EVALUATING METRICS OF SUCCESS

Non-Plant Related Variables

Soil testing before and after leachate treatment is one of the most important metrics
of success for any landfill-cover phytoremediation system. Testing the contaminant levels
in the irrigation leachate and irrigation water, where applicable, is equally-necessary. The
combination of these data is important because such soil and irrigation concentrations
provide a means of estimating the nutrient availability (Marschner, 1995), which is the first
step in gauging potential concentrations of nutrient uptake and translocation, along with
potential tree productivity (Ericsson, Rytter, and Linner, 1992). Other soil characteristics
that are helpful include pH, texture, slope, history of use, organic matter content, base
saturation, cation exchange capacity, and electroconductivity. In addition, the presence of
certain soil fauna is important because such information provides a means of estimating
overall soil health under conditions of leachate irrigation.

Allometric Traits

Allometric traits for landfill-cover systems are meaningful, despite being measured
easily. Often, such traits are matched to specific biological processes of remediation.
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For example, the extensiveness of a genotype’s root system is crucial for the success
of rhizodegradation and phytostabilization (Anderson et al., 1993). The most common
allometric traits evaluated when using Populus and Salix for phytoremediation and other
applications include, but are not limited to, height, diameter, biomass, leaf area, leaf number,
root area, root length, and number of roots. The main drawback of such traits is that they do
not provide information about specific phytoremediation success. However, such metrics
are useful for evaluating the level of tree establishment and health, along with becoming
an in situ component of a phytorecurrent selection cycle. That is, trees that fail to establish
cannot be considered for further deployment and are eliminated from the sample of favorable
clones (Zalesny et al., 2007a).

In addition, allometric traits provide an inexpensive and efficient means of evaluating
the potential of the genotypes, especially when tested with well-developed experimental
designs and requisite precision levels. The long history of designs that support estimation
of genetic data such as repeatabilities (i.e., heritabilities in crop and tree improvement) and
correlations (i.e., genetic, phenotypic, and environmental) support recommendations of
using generalist genotypes that perform well over broad geographic areas (low phenotypic
plasticity) or specialist genotypes that perform well in designated breeding/production
zones (high phenotypic plasticity) (Dickmann and Keathley, 1996; Orlovic et al., 1998;
Zalesny, Riemenschneider, and Hall, 2005a). Such quantitative genetic data are acquired
from physiological and anatomical traits, as well.

Physiological and Anatomical Traits

Physiological and anatomical traits are those that cannot be measured easily because
the data result from processes and developmental stages that occur within the plants. As
with allometric traits, however, physiological and anatomical traits are matched to specific
biological processes of remediation. For example, the level of a genotype’s stomatal
conductance is crucial for the success of phytovolatilization (Vose et al., 2000). The
most common physiological and anatomical traits evaluated when using Populus and Salix
for phytoremediation and other applications include, but are not limited to, contaminant
concentrations in the roots, stems, and leaves; sapflow/water usage; stomatal conductance;
number of stomata per leaf; and presence of root exudates. The main drawback of such
traits is that testing is laborious and expensive. However, such metrics are necessary for
evaluating specific levels of phytoremediation success.

CONCLUSIONS AND PRACTICAL IMPLICATIONS

Short rotation woody crops have been used for phytoremediation of a variety of
contaminants (Table 1). Populus and Salix genotypes exhibit traits that are needed for
landfill covers with trees. Researchers have reported successful tree growth and remediation
potential when these genera have been irrigated with landfill leachate (Boye, 2002;
Erdman and Christenson, 2000; Zalesny et al., 2006). The current availability of clonal
material representing broad genetic variation provides a means for testing and subsequent
deployment of Populus and Salix genotypes that have greater potential for positive responses
to landfill leachate irrigation than most clones that have been utilized for this purpose.

Combining information from crop and tree improvement methods used in agronomy,
horticulture, and forestry with pre-existing environmental clean-up technologies may
enhance the success of landfill cover systems. We assert attention to project development,
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clone selection, tree establishment, and evaluation of success metrics will help bridge the
gap between these related fields. The system begins with decisions on project objectives
and matching biological processes of remediation with plant traits. Next, it is important
to evaluate, identify, and select favorable clones from phyto-recurrent selection cycles.
Once favorable clones have been selected, tree establishment in the field is intensive,
with necessary management similar to that used for agronomic species. Lastly, metrics of
success should include a combination of non-plant related variables, along with allometric,
physiological, and anatomical plant traits. Exclusion of any category substantially decreases
the amount of information used to gauge the success of the phytoremediation system.

Overall, we believe this crop and tree improvement approach contributes to the
potential for greater phytoremediation success when irrigating trees with landfill leachate.
In addition, we hope these methodologies can help researchers and resource managers
move closer to obtaining long-term (i.e., rotation age) remediation data from landfill covers
and other phytoremediation systems.
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